The differential expression and the regulatory roles of microRNAs (miRNAs) are being studied intensively these years. Their minute size of only 19-24 nucleotides and strong sequence similarity among related species call for enhanced methods for reliable detection and quantification. Moreover, miRNA expression is generally restricted to a limited number of specific cells within an organism and therefore requires highly sensitive detection methods. Here we present a simple and reliable miRNA detection protocol based on padlock probes and rolling circle amplification. It can be performed without specialized equipment and is capable of measuring the content of specific miRNAs in a few nanograms of total RNA.
INTRODUCTION
MicroRNAs constitute a class of small 19-24-nt long noncoding RNAs predicted to include more than 800 species in primates (Du and Zamore 2005; Zamore and Haley 2005) . The miRNAs are processed from primary transcripts with partially double-stranded inverted repeat regions in a process mediated by the sequential action of the two RNase III proteins Drosha and Dicer in animals (Carmell and Hannon 2004) . The processed RNA, in the form of a short RNA imperfect duplex, is then recruited to the RISC complex where only one strand is retained. Nearly all animal miRNAs investigated to date regulate gene expression by imperfect base pairing to the 39-untranslated region (39-UTR) of target mRNAs leading to translational inhibition (Wightman et al. 1993; Olsen and Ambros 1999) and in some cases also degradation by the RNA interference (RNAi) mechanism (Hutvagner and Zamore 2002; Ambros 2004; Yekta et al. 2004 ). In addition, some miRNAs may act to silence gene expression by inducing DNA methylation although the significance of this mechanism in vertebrates remains to be investigated (Volpe et al. 2002; Verdel et al. 2004) . Biological processes regulated by miRNAs in metazoans include cell differentiation and proliferation, developmental timing, neuronal asymmetry, apoptosis, insulin secretion, and different metabolic reactions (Poy et al. 2004; Hornstein et al. 2005; Lim et al. 2005; Chen et al. 2006; Esau et al. 2006; Schratt et al. 2006) . Apart from controlling the normal life of a cell, miRNAs have also been associated with malfunction of cells. Significantly, changes in miRNA levels are observed in many human diseases, including cancer, suggesting that miRNAs are legitimate targets for anti-cancer therapy (Caldas and Brenton 2005) .
In order to investigate the functions of miRNAs, a good system for detecting their expression patterns is needed. Since the discovery of the first miRNA in 1993 (Lee et al. 1993) , Northern blots have often been used to validate and quantify miRNA expression. Different variants of the Northern blot methodology have been developed (Valoczi et al. 2004; Ramkissoon et al. 2006 ), but they all require a relatively large amount of RNA material. For this reason different very sensitive methods have been developed based on either real-time PCR (Schmittgen et al. 2004; Chen et al. 2005; Raymond et al. 2005) or confocal laser-induced fluorescence detection (Neely et al. 2006) . Also, oligoarray-based technologies to investigate the expression of hundreds of miRNAs at the same time have been developed (see, for example, Babak et al. 2004; Nelson et al. 2004; Thomson et al. 2004) . A common trait of these techniques is that they all rely on an advanced read-out system and their level of specificity is not always addressed. Here we describe a novel miRNA detection principle using the padlock probe technology.
Padlock probes are linear DNA probes where the terminal sequences are designed to hybridize to two adjacent target sequences ( Fig. 1 ; Nilsson et al. 1994) . Provided with the right conditions, DNA ligase will ligate the termini of the padlock probe on a perfectly matching RNA template, thereby accurately distinguishing matched and mismatched substrates (Nilsson et al. 2000) . The miRNA that is used as a template can subsequently be used as primer for rolling circle amplification, thereby linearly amplifying the target sequence in a process that has been shown to be highly quantitative ( Fig. 1 ; Nilsson et al. 2002) . In this study we demonstrate that the padlock probe technology provides a simple low-tech method for analysis of miRNAs quantitatively in a few nanograms of total RNA.
RESULTS
A DNA padlock probe was designed to specifically recognize miR-16 (pad-miR-16), and, as a control, the same padlock probe with a mutation in each of the two arms was also constructed (pad-miR-16mut). The ability of the probes to be ligated on an in vitro transcribed version of miR-16 was tested. As predicted, the pad-miR-16 was ligated into a circular form only in the presence of the miR-16 transcript and in a quantitative fashion ( Fig. 2A, lanes  1-3) . In contrast, no ligated species of pad-miR-16mut were observed, indicating that the ligation is highly specific for the perfectly matched duplex (Fig. 2A, lane 5) ; neither did pad-miR-16 self-ligate in the absence of miR-16 ( Fig. 2A,  lane 4) . The faint band seen in the gel just below the 150-nt marker presumably corresponds to two padlock probes ligated together. The pad-miR-16mut was fully functional since this probe was readily circularized when ligated on an in vitro transcribed version of miR-16mut (data not shown).
To amplify the signal, we used the miRNA strand situated on the circular padlock probe after ligation as a primer for rolling circle amplification, and the resulting concatamer was quantified by slot-blot analysis using the padlock DNA as a probe. This procedure was used for the detection of miR-16 in total RNA originating from Chang liver cells (Fig. 2B ). To ensure that the signals obtained originated from mature miRNAs, we used the 20-nt pool of the total RNA (see Materials and Methods; all numbers refer to the amount of total cellular RNA). We found that the signal after the amplification step remained linear and with a clear discrimination between pad-miR-16 and padmiR-16mut, using 3-ng total RNA. (mut) was used as the padlock probe is denoted above the autoradiogram. Sample ''mk'' is a size marker, and sample ''prm'' is radiolabeled pad-miR-16. By quantifying and normalizing the background signal in sample prm to 0 and sample 3 as 4.5, the ''relative signal'' shows the linearity in the experiment. The bands corresponding to the nonligated and ligated circular padlock probes are observed around 72 nt and 85 nt, respectively. (B) Detection of rolling circle amplification of padlock probes ligated on the 20-nt pool of total RNA purified from Chang liver cells. The amount of total input RNA, type of padlock probe, and presence of ligase are indicated above the autoradiogram. By quantifying and normalizing the signal in sample 6 to 0 and sample 3 to 3, the ''relative signal'' shows the linearity in the experiment.
To optimize the incubation time for the polymerization step, we performed the rolling circle amplification on the 20-nt pool of variable amounts of total RNA from Chang liver cells for 30 min, 2 h, or 8 h. The results from three independent experiments are summarized in Table 1 . A nearly linear relationship was observed between incubation time and signal, indicating that a strong gain in signal can be obtained after 8 h without compromising linearity.
It has previously been shown that padlock probes are very sensitive to mismatches when placed at the ligated junction (Nilsson et al. 2000) . To further test the ability of our system to discriminate among closely related miRNAs, we designed padlock probes to detect miR-17-5p (padmiR-17-5p) and miR-20a (pad-miR-20a). These two miRNAs differ only in their 59 and 39 terminus and by a single C to U change in the middle of the mature miRNAs (Griffiths-Jones 2004; Griffiths-Jones et al. 2006) . Using in vitro transcribed versions of the two miRNAs, we varied the ratio between miR-17-5p and miR-20a, keeping the total amount of RNA constant at 20 pg. Both pad-miR-17-5p and pad-miR-20a were able to discriminate between miR-17-5p and miR-20a, respectively, illustrating that padlock probes can be designed for highly specific detection of miRNAs (Fig. 3 ).
Next, we tested the ability of the padlock probes to detect changes in miRNA levels between different cell types. We constructed a padlock probe against miR-27a (pad-miR27a), which is known from previous studies to be expressed in Chang liver cells but not in HEK293T cells (data not shown). When using the 20-nt pool from 500 or 125 ng total RNA, a clear miR-27a specific signal was observed for Chang liver cells, whereas no, or only a very faint signal, was observed for HEK293T cells, in agreement with the results from Northern blots (Fig. 4A) .
Similarly, a padlock probe directed against miR-92 (padmiR-92) was tested using the 20-nt pool from 10 ng total RNA derived from three different cell types. Again, the results obtained using the padlock probes closely correspond to the results obtained from the Northern blots (Fig. 4B ).
Finally, we tested the ability of a miR-21 specific padlock (pad-miR-21) to quantify miR-21 in 5 ng of miRNAenriched RNA. We detected miR-21 in three different cell lines using pad-miR-21 and the amount correlated closely with data obtained by Northern blotting (Fig. 4C) .
DISCUSSION
The recent explosion in small RNA research has called for more sensitive and specific methods for quantification of short RNA oligonucleotides in a complex mixture of RNA. The padlock probe-based detection system presented in this paper was successfully used to detect miRNAs in a few nanograms of total RNA. Assuming that each cell contains z10 pg of RNA, this corresponds to RNA from a few hundred cells. This is well below the RNA level used in Northern blots where the limit is z1 mg of total RNA (Valoczi et al. 2004; Ramkissoon et al. 2006) . Other sensitive systems for miRNA detection have also been developed. A system based on confocal laser-induced fluorescence detection was recently published having a detection level around the same level as our padlock system (Neely et al. 2006 ). Also, real-time PCR methods have been designed for miRNA detection (Schmittgen et al. 2004; Chen et al. 2005 ; Raymond et al. Three different amounts of total RNA were amplified for 0.5, 2, and 8 h. In a control sample, the RNA was omitted and replaced with water, which was set as background. 2005), some capable of detecting miRNAs present in only picograms of total RNA. Whereas all these methods require advanced laboratory equipment and chemically modified oligonucleotides, our method requires inexpensive DNA oligonucleotides and only equipment no more advanced than for Northern blotting.
It has previously been shown that the ligation of a padlock probe is very sensitive to mismatches between the RNA template and the padlock probe (Nilsson et al. 2000) . Therefore, our method should be optimal to distinguish between closely related miRNAs, especially if the miRNAs differ at a position near the middle region of the miRNA. In accordance with this we showed that the padlock approach could distinguish two very closely related miRNAs such as miR-17-5p and miR-20a and also miR-16 and miR-16mut. The amplification strategy ensures yet another level of specificity. Since the miRNA is used as a primer, only duplexes that are perfectly matched at the 39 end of the miRNA will be a substrate for phi29 DNA polymerase. This should also prevent any signal from genomic DNA or pri-miRNA contaminations. However, if one wants strictly to measure mature miRNA, we recommend that a gel purification of miRNA-sized RNAs is performed first, especially if the mature miRNA is situated in the 39 arm of the pre-miRNA. The method is probably not useful for quantification of plant miRNA, since this RNA contains a 29-OMe at the 39 end, from which Phi29 will likely not extend.
Importantly, the rolling circle product contains repeated miRNA sense sequences, which can be detected using miRNA specific oligonucleotide arrays. Hence, our method holds the possibility for being developed into an array assay combining several different padlock probes in the same reaction.
When quantifying RNA, it is generally useful to include a ubiquitously expressed gene as an internal control for RNA recovery. However, since the RNA undergoes size fractionation in our assay, and there is no known miRNA that are expressed to the same level in all cells, we suggest that an artificial miRNA is added at a fixed concentration immediately after cell lysis and subsequently measured using an artificial matching padlock probe. Padlock probes have been used for in situ hybridizations (Lizardi et al. 1998; Landegren et al. 2004; Larsson et al. 2004) . Our technique could possibly be developed into an in situ hybridization assay to visualize miRNA localization in cells. No additional primer needs to be added since the miRNA can function as a primer itself. Such a method has the potential of being more sensitive than the conventional methods already developed for in situ miRNA detection (Wienholds et al. 2005; Kloosterman et al. 2006) . However, it is unclear whether the cross linking of small RNAs would affect the performance in this assay.
In summary, we have developed a new sensitive padlockbased method to detect and quantify miRNA expression. The method can discriminate between closely related miRNAs and measure miRNA expression in a few nanograms of total RNA.
MATERIALS AND METHODS

RNA and padlock probe preparation
All padlock probes were chemically synthesized with a phosphate at the 59end. The sequences are:
pad-miR-16: pTACGTGCTGCTATTTATTTCCTCAATGCTGCT GCTGTACTACTAGTGATTTACTTGGATGTCTCGCCAATATT; pad-miR-16mut: pTACCTGCTGCTATTTATTTCCTCAATGCT GCTGCTGTACTACTAGTGATTTACTTGGATGTCTCGCCA GTATT; pad-miR-17-5p: pTAAGCACTTTGTTTATTTCCTCAATGCTGC TGCTGTACTACTAGTGATTTACTTGGATGTCTACTACCTG CACTG; pad-miR-20a: pTAAGCACTTTATTTATTTCCTCAATGCTGCT GCTGTACTACTAGTGATTTACTTGGATGTCTCTACCTGC ACTA; pad-miR-21: pCTGATAAGCTATTTATTTCCTCAATGCTGCTG CTGTACTACTAGTGATTTACTTGGATGTCTTCAACATCAGT; pad-miR-27a: pTAGCCACTGTGAATTTATTTCCTCAATGCTGC TGCTGTACTACTAGTGATTTACTTGGATGTCTGCGGAACT; pad-miR-92: pCGGGACAAGTGCAATATTTATTTCCTCAATGC TGCTGCTGTACTACTAGTGATTTACTTGGATGTCTCAGGC.
Total RNA from cultured cells was purified with Trizol reagent (Invitrogen) and either enriched for small RNAs using a mirVana miRNA isolation kit (Ambion; miRNA-enriched RNA) or purified on a 8% polyacrylamide gel (100 mM Tris Borate, pH 7.5, 1 mM EDTA) selectively for RNAs in the range of 15-30 nt (20-nt pool). In vitro transcribed RNA was transcribed using a mirVana miRNA probe construction kit (Ambion).
Ligation assay
Ligations were performed in 4.5 mL ligation buffer (10 mM TrisHCl pH 7.5, 10 mM MgCl 2 , 10 mM ATP) in the presence of varying amounts of in vitro transcribed miR-16 or miR-16mut RNA, and 2.5 fmol of P 32 59 end-labeled of the corresponding padlock probe. The samples were heated at 65°C for 3 min, cooled slowly to room temperature (RT) over 10 min. Two hundred units of T4-DNA ligase (New England Biolabs) were then added in a total reaction volume of 5 mL. The reactions were incubated at 37°C for 2 h. Two volumes of RNA load buffer containing 90% formamide were added to stop the reactions. The ligation products were analyzed on a 8% polyacrylamide gel (100 mM Tris Borate, pH 7.5, 1 mM EDTA) alongside a P 32 59-endlabeled 25-bp DNA marker (Invitrogen) and 2.5 fmol of untreated P 32 59-end-labeled pad-miR-16.
Ligation followed by rolling circle assay
The ligation was performed as described above with the following modifications. Either in vitro transcribed RNA, miRNA-enriched RNA, or gel-purified 15-30-nt fractions from total RNA were used depending on the experiment. Padlock probes containing a nonradioactive 59 phosphate were present in the sample instead of the radioactively labeled probes. After the ligation the samples were subjected to rolling circle amplification in 100 mL in the presence of 50 mM Tris-HCl pH 7.5, 10 mM MgCl 2 , 10 mM (NH 4 ) 2 SO 4 , 4 mM dithiothreitol, 200 mg/mL BSA, 10 U of phi29 DNA polymerase (New England Biolabs), and 0.2 mM dNTPs. The reactions were then incubated 8 h at 30°C followed by 10 min at 65°C to inactivate the polymerase. The samples were transferred to a 23 SSC soaked hybond N+ filter (Amersham) using a slot-blot apparatus. The DNA was UV-X-linked to the filter with 1200 uJ. Hybridization reactions were carried out as described with the Northern blots. A P 32 59-end-labeled DNA-probe anti-sense to the miRNA being detected was used to visualize the rolling circle amplification.
Northern blots
The Northern protocol used was adapted from Lau et al. (2001) . In short, RNA (20 mg total RNA or 1 mg miRNA-enriched RNA) was loaded on a 15% polyacrylamide gel. After running the gels, RNA was blotted onto a Hybond N+ membrane (Amersham) using a semidry blotter. DNA probes complementary to the cloned miRNAs were used in the hybridizations.
